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Soil Conditions That Influence
Wind Erosion'

By W. 8. Cuerivn, soil sciendist, Soil and Water Conservation Research Division
Agricultural Research Service

SUMMARY

Degree of cloddiness, mechanical stability of clods, presence or
absence and stability of the surface crust, and bulk density and size
of erodible soil fractions are some of the important primary soil
factors thal influenee erodibility of soil by wind. Changes in the
structural factors, and consequently in erodibility, are bLrought about
by various field practices and environmental conditions.

The most erodible discrete soil particles are about 0.1 mm. in
equivalent diameter. Dust tends to hinder the movement of the
larger grains. The dividing point between erodible and nonerodible
fractions is not distinet, for 1t varies with wind velocity, the equivalent
size range, and the proportion of erodible and nonerodible fractionsin
the soil.  Relatively few particles greater than 0.5 mm. in equivalent
diameter are moved by common erosive winds.

Clods just large enough not to be moved by wind are most effective
in preventing the movement of erodible fractions. Large clods are
less effective, because in proportion to their weight they have a gmaller
curface with which to protect erodible particles.

The amount of erosion on a cultivated soil is limited by the height
and number of clods that become exposed on the surface. At a stage
when erosion ceases, the distance between the clods divided by the
height of the clods remains constant for any proportion and size of
nonerodible fractions present in the soil. This constant is known as
the critical surface ronghness constant. It has a value ranging from
about 4 to 20, depending on the drag velocity of the wind and the
average equivalent size of the erodible particles.

As erosion progresses, the more erodible particles are continually
sorted out from the less erodible fractions. Particles moved in salta-
tion are piled in drifts over much of the eroded area. The abrasive
action of particles moved in saltation causes disintegration of the
clods. The longer erosion conlinues, the greater is the amount of
drifted material accumulated in the general vieinity of the eroded
ares and the lower is the subsequent velocity of the wind required to
initiate erosion. There is, therefore, a range of threshold drag velocity
and erodibility for any soil, depending on the previous erosional
history of the affected area. Intervening rains seldom influence the
threshold drag velocity and erodibility of wind-eroded fields. Assoon
as the soil particles op the surface are dry, crosion is resumed. Only
dry soil particles are moved by wind.

1 Cooperative investigations of the United States Department of Agriculture
and the Kansas Agricultural Experiment Station; this publication iz Kansas
Agrienitural Experiment Station contribution No. 592. Acknowledgment I8
made to N. P. Woodruff, agricultural engincer, Kansas Agrieuitural Experimnent
Station, for assistance in estimating erodibility of the farm fields.
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Trodibility of the soil is influenced to some degree by the size, shape,
and density of the structural units and to some degree by the coherence
within and between these units.  The former is referred to as the
state of structure; the latter, as the stability of strueture. The rela-
tive importance of the state and the stability of structure varies
primarily with the size of the eroding fleld.

The resistance of different soil structural units to abrasion by
impacts from windborne soil material varies directly with their me-
chanical stability. Stability, and hence resistance to abrasion, for
ibe different structural units in a dry state is as follows: (1) Water-
stable aggregates, (2) secondary aggregates or clods, (3) surface erust,
and (4) materials among the clods cemented together and to the clods
after tbe soil has been wetted and dried. The last of the structural
units at some depth below the surface may possess mechanical sta-
bility approaching that of clods. .

Since water-stable aggregates are the most .mEEm m_Hc.oﬁ.,cgm units
of the soil, they are the units to which the soil largely disintegrates,
both by forces of the weather and by abrasive action of wind erosion.
Their high stability is caused by cementing substances that are in-
soluble or only slightly soluble in water. The individual water-stable
aggregates, or a few of them clinging together, are readily geparated
from the larger secondary aggregates by the wind and are usually ac-
cumnulated in drifts within or near the eroded area. The fine particles
are mainly carried away in the form of dust clouds, while fractions
larger than the discrete water-stable aggregates remain behind as
resdual soil material. Dryland soils normally contain no water-
stable aggregates large enough to resist movement by erosive wind.,
Their resistance to wind erosion consequently must depend on the
formation of secondary aggregates or clods.

The identity of the clods is preserved to some degree even after
repeated wetting and drying. Wetting causes some water-soluble
and water-dispersible cements to become released from the originally
discrete structural units and these released cements, on drying, cause
a certain degree of cementation between the umts. The greater the
proportion in the soil of particles smaller than 0.02 mm. m diameter
dispersible by water, the greater 1s the degree of cementation between
the structural units and the greater is the resistance of the soil to
breakdown by mechanical forces and abrasion from wind erosion.
Also the greater the depth of soi], the greater is the pressure exerted
on the =01l and the greater is the degree of cementation among the
structural units. At considerable depth the whole soil body may be-
come strongly cemented together. 'This condition is referred to as
massive structure. 'Lillage breaks the massive structure to various
sizes of blocks, referred to as clods. The clods are highly resistant
to wind erosion., Implements that bring the clods to the surface
without burying crop residues are most ¢ffective against erosion by
wind. o ]

The structural conditions and erodibility fluctuate in .mocoumm_bmm
with the varying influences of the seasons. In summer, increases 1n
the proportion of the coarsest waler-stable aggregates and in clod-
diness are associated with Increases n the proportion of the finest
water-stable particles and decreases in erodibility by wind. Evidently
increascs in the coarsest fractions and conseguent decreases 1n erodi-
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bility are caused by increases in cementing substances contained in
the finest water-dispersible fraction. In winter, the above-mentioned
trends are reversed.

Approximate estimations of soil erodibility have been made from
the proportion and mechanical stability of clods greater than 0.84 mimn.
in diameter and from the presence or absence and stability of the sur-
face crust. Such estimations may be useful in determining the po-
tential erodibility of different soils and soil treatments.

INTRODUCTION

Two basic methods are used to control wind erosion. The first is
to create a soil condition resistant to erosion; the second is to shelter
the soil from wind. Seils differ greatly in their resistance to erosion
by wind. Differences in erodibility are due to differences in their
structural conditions that were either inherited or brought about by
tillage, cropping, or accelerated erosion. It is important to know what
soil siructure would be created by different practices if wind erosion
is to be reduced to the minimum.

The object of this bulletin is to bring together, analyze, and evaluate
the results of research on soil conditions that influence wind crosion.
References to previous publications on this and related subjecis are
made for readers who may be interested in the methods and procedures
used in the studies and in more detailed information on specific
phases of the subject.

SCOPE OF THE SUBJECT

Wind erosion is a physical phenomenon and is therefore influenced
directly by the physical conditions of the soil. Only dry soils are
moved by wind (19).? Structure of the soil in a dry condition there-
fore is logically a more reliable indicator of wind erodibility than
structure in a wet stats.

One phase of soil structure in a dry condition is the size disiribution
of dry aggregates, or clods—a condition generally referred to as
clod structure, or cloddiness {4, 9, 39). Cloddiness is usually deter-
mined by sieving dry soil on a nest of sieves. This technique, knowrn
as dry sieving, was used by Puchner in 1911 (84) and then by others
(28, 29, 32) to characterize the soil conditions produced by tillage and
cropping practices. The early methods employed sieving by hand.
Later, improvements were made by substituting sieving by hand with
mechanical methods (25) and by rotary instead of flat sieves (14, 20).

Resistance of the soil aggregates to breakdown by mechanical
agenls, such as tillage, to force of wind, and to erosional abrasion is
another phase of soil structure that inffuences erodibility of soil by
wind. The presence or absence and the condition of the surface
crust also influence erodibility. Still another factor is bulk density
of the erodible soil Iractions.  All these physical factors affect erodi-
bility directly. They are known as the primary factors. Until the
influence of the primary factors on erodibility 1s_thoroughly under-
stood and expressed, it will be difficult or impossible to evaluate the

2 Jalic numbers in parentheses refer to Literature Cited, p. 38.
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importance of the basic soil factors that affect the primary factors
and erodibility, .

Evaluation of the basic seil factors in relation to erodibility by
wind falls outside of the scope of this bulletin., For want of g bettoer
name, these may be called the secondary factors. The majority of
them are by no means secondary in importance. Some are basic to
the wind erosion problem. They affect erodibility by influencing
the primary physical factors. The most mmportant of the secondary
soil factors are soil texture, organic matter, soil micro-organisms and
various products of organie matter decomposition, moisture, caleium
carbonate, water-soluble salts, and nature of the soil colloids. Some
of these factors, such as soil moisture, affect erodibility directly by
affecting resistance to the forces of erosion and indirectly by influencing
cloddiness and the condition of the surface crust. Moisture, therefore,
may be considered as a primary or a secondary factor, depending: on
how it is associated with the various constitucnts of the soil.

Changes in structural conditions and consequently in erodibility
of the soil are brought about by various field practices and environ-
mental conditions. Some of the more important of these are climatic
and seasonal conditions (17, 27, 37), kind of tillage and seeding
equipment used (25, 30, 36, 38), soil moisture conditions at the time
of tillage (31), kind of crops grown (24, 33), and size and layout of
the fields (9, 21). 1t is beyond the scope of this bulletin to show
how effective these practices are in influencing soil structural condi-
tions and erodibility, but it is important to point out that soil strueture
and erodibility can be modified greatly by various field practices,
The major objective of this bulletin i3 to show what soil conditions
may be created to reduce erodibility of soil by wind.

PRIMARY FACTORS THAT INFLUENCE
ERODIBILITY OF SOIL BY WIND

The conditions under which wind erosion occurs are few and obvious.
Wherever the surface soil is finely divided, loose, and dry; the surface
is smooth and bare; and the wind is strong, erosion may be expected.
By the same token, wherever the surface soil is made up of stable
aggregates or clods large and dense enough to resist the force of wind;
is compacted, roughened, or kept moist; or is covered by vegetation
or vegetative residue; or if the wind near the ground is In any way
reduced, erosion may be curtailed or eliminated. Of the six factors
listed above that enhance wind erosion, four are connected directly
with the condition of the surface soil. These four constitute the
subject matter of this bulletin. It is important that they be thor-
oughly understood if they are to be properly evaluated.

Size, Shape, and Density of Erodible Fractions

Size, shape, and bulk density of discrete soil particles considerably
mfluence erodibility. Bufk density is defined as the weight in grams
per cubic centimeter volume of a discrete soil grain or agpregate,
meluding any air spaces within the grain or aggregate. 1t is con-
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venient when considering erodibility by wind to express size, shape,
and bulk density together by what is known as equivalent diameter.
Equivalent diameter is the diameter of a standard particle that has
an erodibility equal to that of a soil particle of an v particular diameter,
shape, and bullk density. The standard particles are spheres with
a bulk density of 2.65. Graded Ottawa sand, recognized by the
American Society of Testing Materials as one of its standard materials,
was found to have terminal velocity of fall and erodibility much like
spheres and has been used as a standard in determining the erodibility
of soil grains (71). Differences in the shape of soil particles have
much less influence on erodibility than their size and bullk density.
In practical use, therefore, the equivalent diameter is approximately
equal to ¢d/2.65, in which o is the bulk density of the soil particles
and d is their diameter as determined by dry steving.

Movement of soil particles is influenced by wind forces exerted
against the surface of the gronnd. These forces are not dependent on
velocity at some height but on the rate of increase of velocity with
height, known as the drag velocity. For a given natural wind, the drag
velocity remains the same for any surface roughness, but the velocity
at all heights near the ground is influenced greatly by the surface
roughness, which in turn is dependent on the overall size of the soil
fractions and their arrangement on the surface. The drag velocity
(V4), which determines the slope of the velocity distribution curve
when the velocity is plotted against the logarithm of height, is equal to

¥,

2 where ¢, is the velocity at height z and % is the height at
5.75 log T

which the projected velocity curve intersects the ordinate and at
which the average velocity is zero (fig. 1). Zero velocity exists
somewhere among the frregularities of the surface. The greater the
magnitude of surface roughness, the higher is the value of £ and the
higher the level at which the average veloeity is zero. Roughness,
and hence the value of k, varies with size, shape, and general arrange-
ment of the soil fractions composing the surface. The average force
of wind against the ground, known &s surface drag, can be computed
from the drag velocity, since r=pV,? in which r is the surface drag
and p is the density of the air (approximately 0.0012 in ¢. g. 5. (centi-
meter-gram-second) units).

If the wind is increased gradually from a low velocity to a higher
one, there comes a time when the most erodible particles are set in
motion. These particles are moved along the surface of the ground in
& series of jumps known as saltation. The higher they jump, the more
energy they derive from the wind, Each time they strike the ground
they transmit much of their energy to particles on the ground and
cause them either to slide along the surface, move off in saltation, or be
carried high in the air in true suspension. The impaects from the most
erodible particles cause the movement of the larger, denser, and smaller
particles.  Many of the colliding particles break apart or chip away
into smaller pieces. This disintegrating process is known as abrasion.
The fragments, in turn, are moved by the wind. The eroded particles
become finer as erosion progrosses.

4354554°—58——2
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The most erodible discreie soil particles are about 0.1 mm. in
cquivalent diameter (fig. 2). These require a BHEEW_ drag velocity,
known as the threshold drag velocity (designated as V1), of about 15
cm. per second to initiate movement. This threshold drag 4109%.4 is
applicable under conditions most favorable to soil movement by wind;
namely, a soil material composed only of particles 0.1 mm. in m@ciﬂmm
lent diameter, a surface that is _oomm, smooth, and dry, and the exposed
bed is at least 30 feet long. Under those conditions the velocity
required to initiate a perceptible soil movement is between 9 E.uﬁwo
miles per hour at a 12-inch height.  That is the lowest velocity t Em
cap produce erosion of the soil. Usually erosion does not @moogm
perceptible under field conditions until a velocity of at least w..w uEw_Ho.y
per hour at a height of 12 inches is reached. The reason for this
should become more apparent as the relationship belween the thresh-
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FIGURE 2.—Relation of the threshold drag veloeity of the wind to the maximum
equivalent diameter of the transported soil particles: a, Sieved fractions in
which the ratio of minimum to maximum diameter varies as 1:v2; b, sieved
fraetions in which the size of particles ranges from fine dust to the indicated

maximum size; ¢, soil containing 15 percent of noneradible elods ranging up to
25 mm. in diameter.

old drag velocity and the equivalent size of the soil particles 1is
explained more Tully.

The threshold drag velocity increases for particles above and
below 0.1 mm. in equivalent diameter (ig. 2). The threshold drag
velocity for particles greater than (.1 mm. varies ag the square root
of the product of equivalent diameter of the particle and the density
relationship of the fluid and the particle. This square root law may
be expressed by

.—.\*NHKAI\QME gd (1)

in which d is the diameter of the particle, g the gravity constant, o
is the bulk density of the particle, p is the density of the fluid, and
4, is a coeflicient whose value depends on the range of equivalent size
of particles present on the eroding surface.

The relationship between the threshold velocity o, at any height
z, equivalent diamcter of the soil particles, and the roughness of the
surface as exemplified by the value of & can be expressed by

p

6=5.75 A, T8 od _omm ()

As shown from equation 2, the greater the value of %, and the rougher
the surface, the lower is the velocity (at some fixed height) required
td mave the particles. This relationship applies only to a condition
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where the roughness elements are the soil fractions moved by the

ind. It means that the larger the erodible particles or the higher
they are perched on a rough surface, the higher they will protrude into
the airstream and the greater the force of wind that would contribute
to their movement, other factors being equal. Where the roughness
olements or the surface projections or barriers are :o:aH..o%Em, the
threshold law expressed by equations 1 and 2 still applies but the
value of coefficient A is increased considerably. Under such & condi-
tion much of the surface drag is dissipated against the nonerodible
fractions and only the residual drag contributes to the movement

odible fractions. ) .

of Ww the soil material is composed only of erodible fractions a.;. a
limited range of size, such as an increment of e@ commonly cgm_bm_m
by dry sieving, the value of coefficient A4 of equations 1 and 2 based on
. g. 8. units ig equal to about 0.1 for particles greater than 0.1 mm. in
equivalent diameter (fig. 2, curve a@). However, netural soil materials
have a much wider range in size of fractions and therefore are asso-
ciated with values of coefficient A larger and smaller than 0.1. If a
coil. such as a commonly occurring dune material, is composed only
of erodible fractions ranging from the largest down to the smallest
erodible particles, the value of coefficient A of equations 1 and 2 is
only about 0.085 (fig. 2, curve 5). For such materials the threshold
drag velocity varies as the square root of the average equivalent
diameter of all the component ﬁ.m:é:u_om (12). Thus, the threshold
drag velocity for a mixture of different equivalent sizes of crodible

Licles is lower than that required to erode only the largest of the
mea&mm. Movement of the larger particles is facilitated by bombard-
ment received from the smaller particles moving in saltation. The
coarser fractions are transported primarily by rolling and sliding
along the surface, a movement known as surface creep. .

Effeet of Dust Particles on Soil Movement —Dust particles hinder
the movement of the eoarser grains mixed with them. The more fine
dust present in the wind-eroded soll, the greater is the minimal foree
of wind required to initiate soil movement. I'he threshold velocity
for these fine particles increases with the decrease in the size of par-
ticles. Loose particles smaller than 0.01 mm., if not mixed with
coarser particles and if placed in a bed that is thoroughly smoothed,
are not moved even by an exceedingly strong wind. For these par-
ticles the threshold drag velocily rses with the decreage in their
diameter (fig. 2). No simple relationship has been found hetween
the equivalent diameter of these fine particles and the threshold
velocity required to move them, i .

The high resistance of the fine dust particles to movement by wind
is to some degree due to cohesion among the particles. More par-
ticularly, their resistance is due to the fact that when the bed is
thoroughly smoothed, the particles are too small to protrude above the
viscous, nonturbulent layer of air, known as the laminar layer, close
to the surface. Lt is known (26) that the soil particles of height d
would be submerged in the laminar layer as long as the Reynolds
number of the form Vid is less than 3.5 {fig. 3). The kinematic

S01L CONDITIONS THAT INFTLUENCE WIND EROSION:

Fioure 3,—Diagram showing (@) fine spherical particles submerged in the fluid’s
laminar layer {straigh{ arrows) and (b} larger spherical grains protruding into

the turbulent layer (curved arrows). Movement of soil particles is possible
only in b,

viscosity, », for air is approximately 0.15. If, on the other hand, the
Reynolds number is greater than 3.5, the particles behave as obstrue-
tions in the path of the wind, throw off eddies to their lee sides, and
disrupt the laminar layer. Under a force of wind equal to or greater
than that required barely to move the soil particles, the wm_é._owmm will
disrupt the laminar layer if they are greater than 0.05 mm. in diameter
(f). If the surface composed of fine dust particles is roughened to &
degree where the surface projections are at least 0.05 mm. in height,
movement of the particles takes place under a relatively low velocity
of wind. Tn such cases the projections composed of many dust parti-
cles clinging together are broken off and moved bodily by the wind.
Movement ceases as soon as the projections are leveled down to less
than 0.05 mm. in height. Under field conditions the surface rough-
ness elements are usually much greater than 0.05 mm. The dust

particles cling to the larger grains and are therefore moved readily
with them,
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Rate of soil movement.—If the wind is greater than that required
barely to move the soil particles, the rate of soil movement g is equal to

g== CVd Im Vi (3
3
g=ONT8 [ 4)

575 Emm

Equations 3 and 4 show that, all other conditions remaining the
same, the rate of soil movement varies directly as the cube of the drag
velocity, as the square root of the average diameter of the soil particles
moved by wind, and inversely as the roughness of the aerodynamic
surface indicated by the value of k. Coefficient (' varies widely for
different soils. It varies with the size distribution of the erodible
particles (7, 4), the proportion of fine dust particles present in the
mixture {4, &), the proportion and size of nonerodible fractions (4, 10},
and the amount of moisture in the soil (14). All these factors, and
perhaps many more, affect the rate of soil movement and hence the
value of coeflicient, (',

Size and Total Volume of Nonerodible Fractions

On cultivated soils the nonerodible soil fractions offer a certain
degree of protection to the crodible ones. For that reason the thresh-
old drag velocity required to move the erodible particles is greater if
the E.omzu_m particles are mixed with nonerodible fractions than if
they alone comprise the surface soil (fig. 2, curve ¢). The threshold
velocity law expressed by equations 1 and 2 holds just as well for
mixtures of erodible and nonerodible fractions as for erodible frae-
tions alone, but the value of coeflicient A is increased considerably
for the mixtures, Whers the nonerodible fractions comprise 15
percent of the weight of the soil, coefficient A has a value of about
0.2 (fig. 2, eurve ¢). The greater the proportion of nonerodible
fractions present in the soil, the greater is the threshold drag velocity
required to move a given equivalent diameter of erodible particles,
and the greater is the value of coefficient A.

Maximum equivalent size of soil particles that can be moved by
wind of a given drag velocity can be determined for each of the three
distinctly different soil materials shown in figure 2. The dividing
point between erodible and nonerodible fractions varies not only
with the drag velacity of the wind but also with the average equiva-
lent size, size range, and proportion of erodible and nonerodible frac-
tions present in the soil {fig. 2). The dividing point for any wind
velocity and soil condition is by no means distinet. i

In all seils containing erodible and noncrodible fractions the quan-
tity of soil removed by wind is limited by the height and number of
nonerodible fractions thal become exposed on the surface. If these
soils are unaffected by encroachment of erodible material from the
outgide and if the length of the eroded area along the direction of the
wind is limited, the removal of erodible fractions continues until the
height of the nonerodible projections and their number per unit area
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are increased to a degree that completely shelter the erodible fractions
from the wind. Movement then ceases {fig. 4). The time required
for movement to ceage varies greatly with the soil structural conditiong
and the length of the field parallel to wind direction (fig. 5). The
smaller the size of nonerodible fractions, the higher'is the initial rate
of soll movement ¢ and the shorter the time required for movement to
cease. The higher the proportion of erodible to nonerodible fractions,
the higher is the mia&@wwﬂm of soil removal and the longer the time
required for movement to cease. Also, the larger the field the greater
the time required for removal of erodible fractions (€, 8).

If the soil contains a large proportion of erodible fractions, few non-
erodible clods per unit area of ground become exposed by the wind.
The nonerodible clods under such a condition have to reach a con-
siderable height before soil removel will cease.  If, on she other hand,
the soil contains a small proportion of erodible fractions, many non-
erodible clods will be exposed on the surface by the wind and their
height when soil movement ceases will be relatively low. The greater
the number of clods exposed on the surface, the lower is their height
when soil movement ceases. At a stage when soil removal ceases, the
distance between the projections divided by the height of the projec-
tions remains constant for any proportion and size of nonerodible
fractions present in the s0il.* This constant is known as the eritical
surface roughness constant. 1t is a ratio of distance between the non-
erodible surface projections to the height of the projections that will
harely prevent the movement of erodible fractions by the wind. On
cultivated soils this ratio has a value of 4 to 20, depending on the
drag velocity and on the range and average equivalent size of the erodi-
ble fractions (9). The critical surfice roughness constant of 4 means
that the surface projections of height H will prevent the movement
of soil within a distance of 4H downwind of the projections. This
dominant prineciple governing the erodibility of cultivated soils can

be expressed by 3
X=KRq, (Vy—V)) (5)

in which X is the weight of soil removable from a given area by a
given wind, V) and V; are the volumes of the surface projections before:
and after exposure to erosive wind, respectively, R s the ratio of
erodible ¢o nonerodible 20l fractions, o, is the bulk density of the non-
erodible projections, and K is a coefficient that varies with the shape,
porosity, and possibly other characteristics of the projections. V)
varies directly with the proportion and size of nonerodible fractions,
and V, varies with the drag velocity and the size and bulk density of
erodible fractions,

Effect of Stze of Field on Wind Erosion—The prineiple of surface
roughness that governs the erodibility of cultivated soils is clearly
manifested where the eroding area is small. The larger the area the
greater the time required for erosion to cease. In fact, in large fields
removal seldom cesses for a given wind. On the average, about 120
hours of continuous exposure to erosive wind blowing from a single
direction would be required to stabilize a one-half mile length. Krosive

# Distance between projections is cqual uﬁ. where N is the number of projec-
tions per unit area.
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Figure 4.—Appearance of a silt loam compesed of 92 percent erodible and 8
percent nonerodible fractions (A) before exposure to wind, and (B} after ex-
poesure for the period required for soil removal to cease. Wind velocity was
18 miles per hour at a 6-inch height and wind direction was left to right,
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Frgure 5 —Quantity of soil removal with duration of exposure in a wind tunnel.
Boil fractions A, C, and D are less than 0.42 mm., 0.84 to 6.4 mm., and greater
than 6.4 mm, in diameter, respectively. Length of soil area was 5 feei.

winds, however, seldom blow continuously from one direction for
such periods. A change in wind direction also would prolong the
period required to stabilize a field. Then too, great quantities of non-
erodible fractions in large fields are converted to erodible particles by
abrasion from the moving soil particles. The surface projections
under such conditions iend to be destroyed and the rate of soil move-
ment tends to accelerate rather than decresse, as is usual in small
isolated fields. The decrease and nuliimate cessation of soil movement
are possible only if the surface projections or barriers are indestructible
by wind erosion. The desert pavement composed of a mantle of
nonerodible gravel is one example of virtual indestructibility of a
stabilized surface.

Quantity of erodible soil —The foregoing description of soil movement
by wind has indicated that the rate of movement on cultivated soils
is seldom constant but changes with the surface conditions of the
soil, which, in turn, change with the duration of exposure to the wind
and with the erosional history of the field. For that reason the weight
of soil material removable from the surface by the wind is a more
accurate measure of erodibility of dry cultivated szoils than the rate
of scil removal. The weight of soil material (X) that is removable
from a given ares by the wind may be expressed in termns of drag veloc-

ity of the wind by
X=01,° {6)

where the coefficient ' varies with many factors. .
The quantity of erodible soil for a given drag veloeity varies in

great measure with the degree of soil abrasion as influenced by the

characteristic length of the eroded area, TFor that reason it is befter

454554° —58—-3
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to express the erodibility in dimensionless form applicable to any size
of field, direction of wind, or units of measure by

X[ X=CV, (7)

in which X is the weight of soil material removeble from a given area
under a drag velocity of 60 em. per second, for instance; and X, is the
weight removable under the same set of soil conditions under any drag
velocity V.

Soil Moisture and Rainfall Effects

Erodibility is about the same for soil that is oven-dried or air-dried.
Above this range of soil moisturc contents, a distinct decrease in
erodibility is manifested (79). Erodibility decreases rather slowly at
first, then more rapidly with increases in moisture contents, reaching
zero at about the 15-atmosphere percentage for a drag velocity of
about 60 em. per second (fig. 6). The 15-atmosphere percentage is

x/x

‘o] !ll!n!mho o

n.ﬂ./ o
4 =,

!-’ [=) x

A N\

Soil movemeni (gm./cm. wide/sec.)

0o 2 4 6 .8 _
Equivalent moisture, W

I'rgurE 6.—The average influence of equivalent moisture of different soils on the
rate of s0il movement by wind of a drag velocity of (bottom to top) 47, 63, and
88 ¢m., per second,
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the upper limit of hygroscopic water and corresponds approximately
to percentage of water at the permanent wilting percentage. In-
creasing the moilsture content even slightly above this lumit requires a
H.w_w.ta%q great 1ncrease in the drag velocity to produce movement of
the soil. .

Erodibility is a function of the cohesive force of the adsorbed water
films surrounding the discrete soil particles. The cohesive force
among the soil particles together with the force of gravity on the
particles must be overcome by the wind before erosion can occur.
Therefore by utilizing equation 1, the threshold drag velocity V. for
moistened sol particles may be expressed by

Vamdy|7 2 g ®

in which ¢ is the resistance due to cohesion of the adsorbed water films
exerted against lift and drag of the wind. The values of resistance ¢
were found to be equal to 6W? where W is the equivalent moisture
(fig. 7). The equivalent moisture is a ratio of water content to water
content at a 15-atmosphere percentage. Lt is equal to wfw’, in which
w18 the amount of water held in the soil and ' is the amount of water
held by the same soil at a 15-atmosphere percentage.

mw:omﬁ*mmm@dm&ao J\ HLF@ES&EE&E@:#&Eommﬂmumﬁ_muomm&@
P
particles, utilizing equation 3, may be expressed by

H.a
“Qﬁ.hhqlnv @
g=vd = ﬁu

and the relative quantity of moistened soil materinl removable from a
given area, utilizing equation 7, may be expressed by

Nﬂknnmqw&m.m (10)

Equations 8, 9, and 10 apply only to conditions where moisture has
been added to originally loose, dry soils. They do not apply to soils
that have been moistened and then dried to various degrees, thereby
cauging a substantial degree of cementation of the originally diserete
soil fraction—a cementation due to shrinkage of the water films on
fine particles by drying.

Wetiing and drying cause little cementation of drifted soil materials,
such as those accumulated in drifts by wind, but they cause con-
siderable cementafion of most other soil materials. The drifted
materials that cover much of the surface of eroded fields are composed
essentially of water-stable grains devoid of fine dust pariicles required
to bind them together. The impacts from a few grains moving in
saltation is all that is necessary to separate the water-stable grains
and to start them again in motion by the wind. i

Cementation of eultivated soils by wetting and drying greatly in-
fluences erodibility. When a loose soil other than drifted material
is wetted and dried, the fine particles tend to bind the whole soil hody
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Ficure 7.—Relation beiween resistance (¢}, due to cohesion of the adsorbed
water films, and equivalent moisture (W) in various soil classes.

to form a somewhat compact mass more resistant to wind thaen the
originally loose soil. Then, too, a surface crust is almost invariably
formed, owing to impacts of raindrops on the ground. Except at the
immediate surface, the primary (water-stable) aggregates and the
secondary ageregates, or clods, usually undergo little transformation
by individual wetting from rain and drying. A greater change occurs
in the degree of compactness and cementation among the varlous
recognizable aggregates. This type of cementation has an important
influence on erodibility by wind, but the degree of cemenlation is
generally too weak to be detectable by wet or dry sieving. Thus, wet
or dry sieving, or elutriation in water or air, does not measure some
important phases of seoil structural stability that influence the erodi-
bility by wind. In addition to the above-mentioned conventional
metheods of structural analysis, other methods must be used if erodi-
bility is to be determined fully. One of these methods is a direct
measure of stability or resistance of the various structural units to
breakdown by abrasion from windborne scil particles.

S0IL CONDITIONS® THAT INFLUENCE WIND EROSION 17

Mechanical Stability and Abradability of Soil Struc-

tural Units

Resistance of a dry soil to brealkdown by mechanical agents, such
as tillage, force of wind, or abrasion from windborne materials, is
known as meehanical stabiliiy. It is due to coherence of the soil
particles. Mechanieal stability has been determined conveniently by
dry sieving on a rotary sieve (13). Mechanical stability of soil frac-
tions is equal to 100 /W, in which W is the weight of particles or
aggregates greater than 0.84 mm. after the first sieving and W, is the
weight after the second sieving. Mechanical stability of material
among the soil fractions after they have been consolidated or cemented
together by wetting and drying 1s equal to 100 W,/ W, in which W, is
the weight of the consolidated body before sieving and W, is the weight
after sicving through a sieve with openings equal to the largest of the
originally disercte dry particles or aggregates. gmormzwnmm stability
of the structural unife measures the relative strength of cementation
or coherence within these units; mechanical stability of consolidated
bodies of the structural units is' & measure of the relative strength of
cementation or coherence among these units,

Resistance of the various phases of field structure to disintegration
by mechanical forces, such as dry sieving, is a relative measure of the
resistance to disintegration by abrasion to which the soil is subjected
when it is eroded by wind. ~ Abrasion is an important phase of the
wind erosion process on all soils (7, 13).  There are two main aspects
of abrasicn: (1) The disintegration of nonerodible or consolidated soil
units into particles small enough to be moved by wind, and (2} the
wearing-away of erodible soil units to dust capable of being carried
from the viclnity of the eroded region. In the first aspect, abrasion
ig directly associated with soil erodibility; in the sccond aspect,
abrasion determines the mobility or the rate of removal of the fine
mechanieal soil constituents from the wind-eroded regions (13).

The relative susceptibility of the soil to abrasion by windborne soil
particles has been expressed as the coefficient of abrasion (18). The
coefficient of abrasion is the quantity of soil material abraded off a
soil aggregate per unit weight of abrader blown against the aggregate
in a 25-m. p. h. windstream. Since the amount of abrasion varies as

. . . 2502 . . .
the square of velocity, the coefficient is equal to @ﬁ%v s in which @ 18

the weight abraded per unit weight of abrader blown at any wind
velocity (v) expressed in miles per hour. The coefficient of abrasion
(abradability) of the different structural units of the soil varies
inversely with their mechanical stability, as determined by repeated
dry sieving (fig. 8). Furthermore, modwlus of rupiure, a measure of
cohesive strength of soil briquets as determined by the method of
Richards (35), varies inversely with the coefficient of abrasion and
inversely with diameter of mechanical soil particles from which a
briquet is formed (fig. 9). )
Owing to abrasian, soil structure breaks down progressively as wind
erosion continues, The amount of breakdown depends on mechanical
stability of the structural units. The original initiation of perceptible
soil movement for the first time in the field generally requires a much
higher drag velocity than for succeeding windstorms; the goil is usually
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Fraure 8.—Relation hetween the coefficient of abrasion and mechanical stability
of different phases of field structure of soil,

coversd with a thin surface crust that is somewhat resistant to wind
erosion. As soon as some soil particles are loosened and moved by
wind, their abrasive action against the surface causes the crust to
disintegrate and expose a more highly erodible seoil beneath. Then,
too, the nonerodible clods gradually become broken down by impacts
of saltating grains. The erodible fractions are being continually
sorted from the less erodible fractions and usually are piled in hum-
mocks in the vicinity of the eroded area. The longer erosion
continues, the greater is the quantity of highly erodible material
accumulated on the leeward side of an isolated field and the lower is
the velocity of wind required to initiate erosion of the field. Soil
movement usually beging and i1s of greatest intensity on the leeward
side of the field where the concentration of the eroding particles is the
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diameter of mechanical scil particles in dry briquets.

greatest and abrasion of the crust and of the nonerodible soil fractions
i3 mogt intense (8).

Therefore, o range of threshold drag veloecity for any soil depends
on the previous erosional history of the fisld. This range varies from
the original threshold velocity of the previously noneroded field to the
threshold velocity of dry dune materials. This range is between 13
and 30 m. p. h. at 1-foot height {(6}. Once a field has been exposed to
a series of erosive winds, it generally starfs to erode when the wind
reaches & veloctty of about I3 m. p. h. at 1-foot height—a velocity
sufficient to move dry dune materials. This threshold velocity 1s
remarkahly uniform for all dune materials,

Surface soil, such as exists in the field after wetting and drying, is
not homogeneons, km_.:rozmr often it appears to be so. It is composed
of various types & structural units cemented together in varying
degrees (16). The strength of cementation and, consequently, the
abradability when the soil is dry vary greatly for different soils and
different structural units of the soil. Two types of soil cements seem
to be responsible for consolidation of the soil in different structural
units: (1) Water-inscluble; and (2) water-soluble or water-dispersible,
These cements appear to be responsible for the following types of
structural units with distinct degrees of rmechanical stabiity and
abradability by wind: {1) Water-stable aggregates; (2) secondary
agoregates, or clods; (3) fine materials among the secondary aggregates;
and (4) the surface crust. Those phases of field structure in cultivated
soils are shown in figure 10. Each secondary aggregate in figure 10
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TasLE 2.—Mechanical stability of different structural units and of fine
materials among the structurel units of wind-eroded and residual soil
materials

Mechanical stability

Structural units ]
Sandy Bilt  |Silty clay| Clay

loam loam loam
Particles >0.42 mm. from fresh drifts Pereeni | Percent | Percent wu%.nmui
D e g m. o | 0| O T
e ey dhvg i et =l Rl I R I
ual sotbo . 60. 2 73.3 69. 3 58. 5
ESEmIE o] ) ]
after consolidation?______ . - ____ 230 8.8 5.0 4. 6

1 Mostly sand grains. ] ) o

* Clonsolidation was accomplished by spraying the dry soil material in a column
2 inches high with 1 inch of water followed by drying. . .

3 Cemnenting strength among particles was barely overcome by wind having a
drag veloeity of about 80 cm. per second.

Secondary aggregates or clods—Seeondary aggregates are next in
order of mechanical stability, depending on soil class, depth, and tillage
treatment. They are held together in a dry state primarily by
water-dispersible cements acting under pressure from depth and
time. The cements are composed mainly of water-dispersible par-
ticles smaller than 0.02 mm. in diameter (table 3). When these fine
particles are removed by repeated decantation after shaking in
water, the water-stable aggregates to which the clods disintegrate
after shaking in water are much like sand grains in that they fail to
cohere to cach other after a layer of them is dried (table 3). Fine
water-dispersible particles are necessary to bind the water-stable
aggregates together to form clods. ) )

The clods are resistant to wind erosion so long as they remain
large enough to resist movement by wind. Many of them maintain
their identity for some time after repeated wetting and drying in the
field. Individual rains have little influence on the form or compact-
ness of clods below the surface even after they lose their visible iden-
tity after the soil is wetted and dried. Only within a narrow zone of
the immediate surface where the soil mass assumes a structure dis-
tinctly different from that below do the clods become appreciably
disintegrated by impacts of raindrops. Abrasive tests have indi-
cated that after repeated wetting and drying the clods become merely
embedded in the fine, loosely consolidated portion of the =oil. The
strength of cementation between the clods is genecrally much lower
than within the clods; hence, the reason why blocks of soil abrade
unevenly when exposed to impacts of windborne soil grains (fig. 11).
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TaBLE 3.—Relation between dry clod formation and pereentage of
particles < 0.02 mm. dispersed tn water

. Particles Clods
Soil material and treatment Soil textural class |<Z0.02 mm.|>>0.42 mm,
dispersed | after dry
in water sleving
Percent Percent
Sandy loam______. 10. 2 17.0
Dry sieve fraction<<(.42 mm., con- || Jilt loam_________ 19. 3 28 1
solidated.! Silty elay loam____ 18 2 27. 3
Clay_.___________ 0.8 17. 4
Dry  sieve, fraction<{(h42 mm. |{Sandy loam______. 0 0
from whiech particles<{0.05 mm. ||Silt loam._ . . __ 0 G
were removed by shaking and re- |1Silty clay loam____ 0 . 09
peated decantation in water, and |[[Clay__ . _______ . __ 0 .23
then consolidated.!

1 Consolidation was accomplished by spraying dry soil material in a column
2 inches high with 1 inch of water followed by drying.

Materials amony the clods.—The cohesive forces that exist among
the clods after the scil has been wetted and dried vary greatly, as
within the clods, depending on the number and the nature of wettings,
on the depth and consequent pressure exerted against the soil, and on
the physical-chemical nature of the soil. The degree of cementation
that holds the elods together after the soil hag been wetted and dried
1s die in large measure to the quantity of particles of the size of silt
and clay dispersible in water (table 4). Woetting apparently causes
either some water-soluble and water-dispersible cements or water-
dispersible cements to become released from the originally discrete
struetural units and, on drying, the cement causes a certain degree
of cementation between the umts. The greater the quantity of fine
particles dispersible by water, the greater is the degree of cementa-
tion among the structural vnits and the preater is the resistance of
the soil to breakdown by mechaniecal forces.

Pressure likewise increases the cementation among the clods and
other structural units. The greater the depth, the greater iz the
pressure exerted on the soil and the greater is the degree of cementa-
tion and mechanical stability among the structural units, until the
whole soil inass, at a certain depth, may hecome strongly cemented
together. This condition is often referred to as a massive structure.
Tillage breaks the structure to various sizes of blocks referred to as
clods. Tillage, if suitable, may bring the clods to the surface to resist
erosion by wind. But it also tends to bury the crop residue. Imple-
ments that perform effectively the dual purpose of increasing the
surface ctoddiness and, at the same time, avoiding the burial of crop
resictues are needed,
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! E 11.—Blocks of silt loam {left} and sandy loam (right) consclidated by

F M%Minm with 1 ineh of water 4 times and drying after each wetting: 4, Before
abragion by dune sand; 53, after abrasion. The originally embedded, less
abradable soil aggregates are exposed after abrasion. They are matnly sec-
ondary aggregates, or clods,

The fine particles that tend to cement the clods and other struc-
tural units together are composed of silt, clay, and various materials
of organic and inorganic origin. Dispersed silt, although usually not
considered as a soil cernent, acts as a weak cement of sufficient strength
to resist considerably the force of wind (78). Silt H.U@HE&@.M«. are dis-
persed by water much more readily than particles of clay size. The
presence of large quantities of dispersed silt particles in a soil appears
to cause the formation of a compact, massive structure, which, while
quite resistant to wind crosion, may present a serious structural
problem otherwise. Bradfield and Jamison (3) concluded that hard
and intractible soils were usually those largely composed of fine silt
having a single-grain structure when dispersed in water.
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TABLE 4. —Relation between mechanical stability of blocks of consoli-
daded soil and the percentage of particles <0.02 mm. dispersed in
water

Particles

Hoil material and treatment Soil textural elass [<70.02 mm.|[Mechanical
dispersed | stahility 1
in water

Percent Percent

Sandy loam______._ i0. 2 7. 0

Diry-sieve fraction <{0.42 mm. from | 8ilt loam__ ___.____ 0 2 28. 1
residual soil, consolidated. Bilty clay loam.___ 18 2 27. 3
Clay_. .. _._____ 9. 8 17. 4

Sandy loam. _._ . 3.9 3.0

Dry-sieve fraction <042 mm, from ||Silt loam__ _______ 8 8 8 8
drifts, consolidated, Silty clay loam._.___ 7.2 50
Clay____.__ . ___ 3.0 4.6

t Percentage of clods >>0.42 mm. after dry sieving the blocks on a 0.42-mm.
rotary sieve.

The surface erust—Because of impacts of rain, the soil material at
the surface becomes more dispersed than the soil below, On drying,
the dispersed soil forms a thin surface crust that is more compaci and
mechanically stable than some parts of the soil below. The crust
often does not exceed one-sixteenth inch in thickness, but occasionally
it may reach a thickness of one-fourth inch. The crust is easily
recoguizable by its dense, platy structure. This type of structure
becomes less distinet with depth, until it merges with the soil below.
Medium-textured soils contaning a high proportion of silt are most
subject to dispersion in water and, therefore, these seils produce the
thickest and most compact erust (table 5). That condition contributes
to the usually high resistance of the medium-textured soils to erosion
by wind. Sandy soils generally are less subject to surface crust
formation, because they do not contain a high proportion of silt and
clay. ‘That property contributes eonsiderably to the high erodibility
of sandy scils by wind. Clay soils are highly variable with respect to
wind erosion. Those that contain a high proportion of fine water-
dispersible particles tend to puddle and resist erosion by wind. On
the other hand, some clays are not subject to a high degree of disper-
sion (table 5); consequently, the surface crust and the clods tend to
remain as fine granules, some of which are readily moved by wind.

A rain or a series of rains often carries some of the finely dispersed
and water-soluble cementing materials downward, leaving the coarser
particles, such ag sand or water-stable ageregates, at the top. Some
of these coarser particles remain loose on the surface and often con-
tribute to the initial stage of wind erosion. Being on the surface,
they dry rapidly. Consequently these coarser particles may be
moved by wind soon after a rain, even before the drying of the surface
has become apparent. Abrasion from these particles tends to wear
down the surface crust, to hasten the drying of the surface, and to
accelerate the soil movement as long as the wind that is strong enough
to move the soil material continues, Small showers often tend to
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smooth the soil surface, to loosen some of the surlace particles, and,
if the field is large, to accelerate rather than alleviate soil movement
bv wind.

TanLE 5. — Relation between mechanical stability of the surface crust and
percentage of particles < 0.02 mm. dispersed in water

Particles |Mechanical

Soil texturnl elass Boil material < 0,02 mm.| stubility

dispersed | of crust

in water

Pereent Percent
. Drifted_________________ 6. 2 44. 7
SBandy leam. . ______._._. Residual_______________ 10. 4 80. 2
. Dirdfted - 10. 2 60, 8
Bilt loam_. ... -~ Residual_______________ 16. 8 73. 2
@il Prifted._____ . ________ 10. 4 59. 7
Silty elay loam____.____-.... Residual . _ . _ . ______ 15. 4 69. 3
Aﬁ.l?ma ................. 4.9 381
Clay oo e Residual_____. LT 9.6 58. 5

On many soils the rate of soil movement is slow at the beginning,
but it accelerates as the surface crust is worn through and a weakly
consolidated soil beneath it is exposed to the wind (13, if). The
nature of the surface crust and its relation to erosion by wind perhaps
can be interpreted best from its appearance as it is destroyed by
abrasion with dune sand {fig. 12). The surface crust was completely

Ficure 12.—8urface erust on clay soil partly destroyed by abrasion with dune
sand for 5 minutes with a wind veloeity of 28 miles per hour at 12-inch height,
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atable under the same wind of 28 miles per hour without the abrader

Order of mechanieal stabifity —Susceptibilicy of the soil to abrasion
by impacts frem windborne soil materizl varies inversely with its
mechanical stability (fig. 8). The order of mechanical stability from
highest to lowest, and hence the order of abradability Trom lowest to
highest, for the different structural units in a dry state are as follows:
(1) Water-stable aggregates, (2) secondary aggregates or clods, (3)
surface crust, and (4) fine materials among the clods cemented to-
gether and to the clods alter the soil has been wetted and dried. The
last of the structural units at some depth below the surface may possess
mechanieal stability approaching that of clods,

Mechanical stability tends to reduce wind erosion by resisting the
breakdown of nonerodible units to smaller erodible particles. The
breakdoww in the field is caused by two groups of commonly occurring
agents: (1} Mechanical agents such as tillage mackinery, and (2)
abragive action of windborne soil material.

RELATIVE INFLUENCE OF STATE OF STRUC-
TURE AND OF STABILITY OF STRUCTURE
ON ERODIBILITY BY WIND

Erodibility of the soil is dependent (1) to some degree on size, shape,
and density of the structural units, and {2) to some degree on the
mechanical stability of the structural units. The first may be re-
ferred to as the state of structure and the latter as the stability of
structure. Both phases of structure are measurable by elutriation,
dry sicving, and repeated dry sieving (13). The relative importance
of the state and stability of dry structure with respect to erodibility
by wind varies with the area of the field, the roughness of the surface,
and many other factors. If the area of the field is small, the amount
of abrasion from erosion is small and erodibility of the field is deter-
mined primarily by the state of structure, or specifically by the
proportion of discrete particles small enough to be moved by wind.
1f on the other hand the field is large, mechanical stability of the
structural units is the more important factor. In such case, if the soil
structural unit lacks machamecal stability, the presence of even a
small quantity of loose, erodible material on the surface i1z usually
sufficient for substantial disintegration of the structural units by
abrasion from windborne material and for consequent intense erosion
of the loosely cemented soil (18).

The relative importance of the state and stability of structure of
different soils is shown in table 6, based on wind-tunnel tests. A
surface crust formed by spraying the soil with water followed by drying
(condition b} reduced greatly the quantity of soil material eroded by
wind. However, when the soil was subjected to impacts of soil
particles blown in {rom the outside (condition ¢), the crust scoun was
worn through and the rate of soil removal was increased considerably
and continued as long as the siream of sand passed over the soil. The
amounts of erosion occurring under condition b are comparable to
those obtained in small, isolated fields where abrasion is limited; the
amounts of erosion occurring under condition ¢, on the other hand, are
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applicable to those on the leeward sides of large, open fields where the
intensity of abrasion from eroded particles is relatively great.

TABLE 6.~ The influence of state of structure and stability of soil structure
on erodibility by wind

Degree of | Amount or rate of soil erosion '—
Clods cemnenta-
=>0.6 mm. tion
Soil class equivalent | between
diameter | the clods | Condition | Condition | Condition
after con- a h o
solidation
Tons per
Tons per | Tonsg per acre per
Percend Percent acre ? acre 2 minule
Sandy loam______.__ 30. 8 17. 0 3.4 0.4 13, 0
Silt foam __ .. 32.3 28. 1 4.5 .2 5.6
Silty clay loam______ , 42,1 27.3 2.9 .3 9.4
Clayoeee oo - , 12,1 17. 4 9.5 34 11, 0

1 Cenditions:
a—Bxposure to wind of well-mixed, loose, and dry soils,
b—Expesure to wind after congolidating the soil by spraying with 1 inch of
water and drying.
e—Exposure to wind and a stream of windborne sand after conzolidating the
soil. Rate of sand flow was 1,000 grams per minute per 8-inch width.
2 Until movement cecased,

SEASONAL VARIATIONS IN CLODDINESS,
MECHANICAL STABILITY, AND ERODIBILITY
BY WIND

Biological activities and alternating wetting and drying and
freezing and thawing appear to have a strong influence on the strue-
tural conditions and erodibility of soil by wind. The struetural con-
ditions and erodibility fluctuate in accordance with the varying in-
fluences of the seasons.

Soil cloddiness and mechanical stability of clods are decreased and
erodibility increased in winter in cases where the soil is moistened at
least oceasionally (fig. 13).  Also, the changes are greatest at or near
the surface of the ground and least, if any, at a 6-inch depth (table 7).
A visible change in cloddiness of moist soils from fall to spring is shown
in figure 14,

Irrespective of the seasonal variations in structure and erodibility
of soil i and near the surface of the ground, the degree of cloddiness
and mechanical stability of clods increases and erodibility by wind
decreases with depth in all soils (figs. 15 and 16), Cloddiness and
mechanical stability of elods also increase and erodibility decreases
with the fineness of soil texture; that is, a soil with percentage of
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clay up to 20 to 28 percent, depending on the nature of the clay (15,
18). Increases in clay beyond these percentages decrease cloddiness
and degree of cementation between the clods, increase the erodibility
by wind, but continue to increase the mechanical stability of the clods.

TapLy 7.—Influence of seasons on some phases of soil structure and
erodibility at various depths

[Averages for (fass loam during a 3-year period at Manhattan, Kans.]

|
A Amount
i Clods Mechanical, eroded in
Depth (inches) Season ~>0.84 stability tunnel
mm, of clods until
mevement
| ceased
Percent Percent | Tons per acre
O%o 1. ___________ Fallo__ . ____ . . ___ 65. 0 87. 8 0 4
Amv_.msm ............. 46. 7 72. 7 1.5
ltod_ . _______ Fal__ oo __ 71. 9 87. 8 .24
Spring_ - .. oo 58.1 80. 0 .8
3te6. . _____.__. Fall __ . o __- 80. 5 88 8 .06
ﬁmvlsm .............. _ 80. 5 9. 6 . 09
|
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Figurs 14.—Appearance of scil from surface to l-inch depth after sampling,
drying, and thorough mixing: A, Wabhash silt loam in fall 1951; B, Wabash silt
loam in spring 1952; C, Sutphen clay in fall 1351; &, Sutphen clay in spring 1952,
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Fireure L6.—Mechuanieal stability of clods of various soil classes at different
depths.

Increased cloddiness and mechanical stability of clods with depth
are due partly to an inerease in the fineness of soil texture and partly
to degree of soil compaction. Some types of tillage tend to bring up
cloddy soil from lower depths and thereby reduce erodibility by wind.
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The effects of tillage are temporary, because the forces of the weather,
especially freezing and thawing of moist soil during the winter, tend
to break the clods to sizes small enough to be moved by wind. But
as the clods at the surface are broken down, elods below the surface
are being formed. Hence, repeated tillage of a proper type is useful
I maintaining a cloddy surface indefinitely. The degree of cloddiness
that can be maintained varies with the nature of the soil and with
the depth and nature of tillage,

ESTIMATING ERODIBILITY BY WIND

The description of the relationships between the various soil
structural factors and erodibility by wind indicates generally what
constitutes an erodible and a nonerodible seil,  Attempts have been
made to estimate soil erodibility from these relationships (4, 12, 22).
Factors recognized in the estimates were the proportion of erodible
fractions in relation to the drag velocity of the wind, the volume of
nonerodible fractions, and the mean weighted equivalent diameter of
the erodible units. They are by no means all the factors that influence
erodibility. The relationship between the various phases of sojl
structure and erodibility is complicated and varied. However, a
method of estimating the relative erodibility must be reasonably
simple if it is to be practical. The two most important criteria of
resistance of soil to erosion by wind are soil cloddiness and mechanical
stability of clods and surface crust.

The dividing line between erodible and nonerodible fractions for
mineral soils is about 0.84 mm., one of the sizes of square sieve openings
in & sieve series proposed in 1919 by the United States Bureau of
Standards. A curve based on wind-tunnel tests expressing an average
relationship between the quantity of soil croded when dry and the
proportion of clods greater than 0.84 mm., as determined by dry siev-
ing, is shown in figure 17. This figure is based on two groups of meas-
urements reported previously (78, 23}, The quantities of erosion are
based on (1) a soil surface leveled by hand over which the roughness
varies somewhat, depending on the size of the soil aggregates; (2)
a soll that is loose, uniformly mixed, and free from organic residues;
(3) & soil that is thoroughly air-dried; (4) a 5-foot length of the ex-
posed soil area; (5) a drag velocity of 61 em. per second; and (6) a
wind free from gusts and blowing from one direction. A change in
any of the listed conditions would have produced a change in the
quantity of eroded soil. The quantities of eroded soil indicate the
quantities removed before movement ceased. They indicate the
quantities removable under some definite wind blowing from onc
direction. Because ol the short length of the exposed area, abrasion
by impacts from saltation that commonly occur in the field was
almost absent. The quantities of soil erodible in the wind tunnel
may be expected, therelore, to be substantially lower than the quanti-
ties in the open field. WNevertheless, the basis that determines the
relative degree of erosion from field areas and from small areas in the
tunnel is apparently the same. This basis is the quantity of erodible
fractions removable from the surface of the soil by the wind.,
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Fiqure 17.-—TRelation between soil erodibility based on wind funnel tests and
pereentage of clods greater than 0.84 mm, in diameter in various soil classes.

Many factors, not all of which are associated with erodibility of
soil by wind, influence the amount of erosion. Because of this, it
seems best to express the erodibility in dimensionless form appli-
cable to any set of conditions other than those of the soil itself. A
convenient way of expressing erodibility on a dimensionless basis is
by erodibility index 7. This index is equal to Xp/X,, in which X, is the
quantity eroded when the soil contains 60 percent of clods greater
than 0.84 mm. and X, is the quantity eroded under the same set of
conditions from soil containing any other proportion of clods greater
than 0.8¢ mm. in diameter. This is essentinlly the same as erodibility
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index [ used in previous publications (22, 23): HH_oﬁ_ in which

70
z(£) is the quantity of soil eroded and #(£),, is the quantity of soil
eroded under the same set of conditions when the soil contains 70
percent of dry fractions less than (.84 mm. in diameter. For any given
soil the value of the crodibility index f will be about the same, irre-
spective of which wind tunnel is used in determining the erodibilitv.
The relationship of erodibility index f to soil cloddiness as determined
by dry sieving 1s shown in figure 17. The curve drawn through the
average of individual measurement in figure 17 can be used to estimate
approximately the erodibility index based on the percentage weight
of clods greater than 0.84 mm. in the soil; do not consider, ?H the
present, the influence due to differences in mechanical stability of
the elods.

Some idea of the degree of error that is possible in erodibility index
estimated from the percentage of clods greater than 0.84 mm. can
be obtained by observing the magnitude of deviation of determined
values of erodibility from the average curve shown in figure 17.
Major sources of possible error in erodibility index estimated from
the percentage of clods greater than 0.84 mm, are as follows:

(1} The order of erodibility on any group of related soils is usually
the same, irrespective of the drag velocity to which they are subjected.
On widely different soils the order might be reversed with a change of
drag velocity. That Is especially true when comparisons are made of
extremely different soils, such as a fine sandy seil containing a prepon-
derance of highly erodible fractions and a clay soil containing a large
proportion of gemierodible fractions. )

(2) Erodibility is based on volume of nonerodible clods and not
on weight, as determined for soils shown in figure 17. If the bulk
density of the clods and the erodible fractions are the same, either
the percentage volume or the percentage weight can be used with
equal effect. However, if the two fractions have different densities,
some error in the estimation may be expected. .

{3) Differences in the size of clods have considerable influence on
erodibility, but no distinetion of size distribution of clods is made
in figure 17. Clods 0.84 to 6.4 mm. in diameter, for example, are
generally more than twice as effective in reducing erosion as clods
6.4 to 40 mm. in diameter (10). . ) o .

{4} Erodibility is based on the equivalent diameter distribution
of the erodible particles, not just on their proportion to the total
weight of the soil. Determining the equivalent diameter distribution
and estimating its infiluence on erodibility are quite laborious, however,
and these calculations are probably not justified for the degree of
refinement that will be obtained in the method of estimation.

A more exact, though more laborious, system of estimating erodi-
bility of noncrusted cultivated soils is given in a separate publication

8.

m xw surface crust is mvariably formed when the soil is wetted by rain
and dried. The crust varies greatly in its resistance to erosion by
wind, depending on the nature of the rain and the soil and the quan-
tity of vegetative cover on the surface. Krodibility of a loase, freshly
cultivated soil is vsually reduced when the soil iz wetted by rain and
dried (table 6). In like manner, erodibility is generally increased when
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the surface crust is destroyed, such as by abrasion from windborne
materials. The surface crust is ususlly so weak it has virtuaally no
influence on the size distzibution of dry aggregates determined by dry
sieving. The average ratio of erodibility of & crusted soil to erodibility
of & noncrusted soil is about 1:6 (table ). This ratio is in general
agreement with that obtained on a large number of soils in a crusted
and noncrusted condition reported in a previous publication (5).

If it 1s assumed that values of erodibility index I apply to loose,
noncrusted soils as on freshly cultivated fields, the relative erodi-
bility of soil whose surface is completely covered with a surface erust
and has the same degree of cloddiness is about one-sixth 7. Com-
plete surface crusting usually ocours when a cultivated soil is first
wetted and dried and before any erosion has taken place. However,
there are all sorts of conditions of the surface crust between these
two extremes, depending principally on soil texture and consequent
erosional intensity since the last tillage operation. No manual or
mechanical method has been devised on how to measure the degree
of development of the surface crust. The only method available at
the present time is based on a visual observation of the proportion
of the original crust still remaining after weathering and erosion,

By taking cognizance of the usually variable status of the surface
crust, the relative soil erodibility £ at the time the estimation is
made may be expressed by

E=01-b"I 1)
where ' 1s the percentage of the surface crust remaining after weath-
ering and erosion and & is equal to 0.00833.

Comparison of Estimated Erodibility With Natural
Erodibility

Sixty-nine sites, representing as many fields, in western Kansas and
castern Colorado were chosen in 1954, 1955, and 1956 for the purpose
of chocking the validity of estimations of wind erodibility of soils in
the spring, based on wind-tunnel tests. The quantity of natural
erosion on each site was estimated visually, as shown in table 8.

The average erodibility computed from soil cloddiness, quantity of
crop residue, and surface roughness in accordance with the previously
described method {22) and the average quantities of natural erosion
on three major groups of soil are shown in table 9. At the beginning
of the spring season Lhe order and the relative magnitude of computed
and natural erodibility of the fields on different soil classes were about
the same. Soil cloddiness, crop residues, and surfaceroughness changed
little from the beginning to the end of the season. However, the
natural amount of erosion increased greatly on fine sand and loamy
fine sand, considerably on fine sandy loam, and only slightly on silt
loam and silty clay loam soils as the season of high wind erosion came
to an end. The sands were most susceptible to the abrasive action of
windblown soil material. The surface crust and clods on this soil
class were most fragile and disintegrated readily under abrasion. Next
in order of resistance to abrasion were the loamy sands, then came the
sandy loams, and then the loams, silt loams, and silty clay loams.
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TasLE 3.—Visual estimation of soil erodibility and of erodibility based
on wind-tunnel tests from quantity of natural erosion in Kansas and
Colorado, 18545

Erodibility
based on wind
tunnel tests (23)

Quantity of erosion Deseription of erosion

Tons per acre

None_ oo _.___ Insignificant; no visible cffects of soil < {25
tmovemment.

Slight __...________ Soil removal down to Y inch, not suffi- 0.25 to 1
cient to kill wheat.

Moderate_ _________ Removal and assoeciated aceumulations 1105
14 to ¥4 inch deep, sufficient ta kill wheat,

High_ . ________ 14~ to l-inch removal and associated ae- 5 to 25
cumulations.

Yery high.___.__.__] 1~ to 2-inch removal and associated ac- 25 to 125
cumulations.

Txceedingly high_ _ _| Greater than 2-inch removal with appre- 125

ciable dune formation,

The latter group of soils, which constitute most of the “hardlands,”
is probably the most resistant to the abrasive action of wind eresion.
Their resiztance is due to ease with which silty clay loams are dis-
persed by water and their tendency to form a wind-resistant surface
crust. after they are wetted and dried. The relative amount of natural
erosion increased over the computed amount inversely with the fine-
ness of soil texture up to silty elay loam. Clays were not available
for this study, but previous studies {14, 18) have indicated them to be
about equal to fine sandy loam with respect to degree of cementation
among the clods and abradability of the surface crust.

TasLe 9.— Computed erodibility and guaniities of natural erosion on 8
magor groups of soil in Kansas and Colorade, 186/-56

Clom- | Average amount Average condition of the
puted of erosion— surface crust—
Soil textural eyodi-
class bility,

Mar. 16| About | About | About Mar, 15 ; About Apr. 30
Mar. 15| Apr. 30

Tons Tons Tons
per gere | per acre | per acre
“ine sand and 4. 60 4, 20 44. 0 20 percent de- | Almaost all de-
loamy fine stroyed by stroyed by
sand. crosion, erosion.
Fine sandy .65 .95 2.0 10 pereent de- | 40 percent de-
loam. stroved by stroved by
erosion. erosion.
Hiit loam and .19 14 19 7 Tulact. Almest intact.
silty clay

loam.,
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These results showed that erosion once “broken loose’’ on sandy
soils tended to destroy the surface crust and made the soil more erod-
ible as the season progressed. FErosion on hardlands, on the other
hand, was kept in check by limited quantities of loose soil material
available on the surface of the ground and the limited effect of the
loose material on the status of the surface crust. Toward the end of
the season, therefore, the relative cumulated quantity of erosion varied
from that obiainable on a fully crusted surface to that on a loose,
noncrusted surface, depending on the mechanical stability of the
surface crust and clods.  If the soil had no surface crust, as in a freshly
cultivated field, the quantities of natural erosion of the order of 7/
applied. If, on the other hand, the soil surface was completely crusted,
quantities of erosion were on the order of about one-sixth 7, thereby
confirming previous results on the relative influence of crusting as
determined by wind-tunnel tests.

Results obtained with portable wind-tunnel tests in western Texas
and other locations (22, 23} further confirmed the importance of soil
surface erusting and mechanieal stability of dry soil structure on erod-
ibility by wind. The Texas tests were conducted on fields, some of
which were highly eroded by preceding winds. The soil surfaces on
fine sands and loamy fine sands were loose and nonerusted, those on
fine sandy loams wore generally partly crusted, and those on silt
loems and silty clay loams were highly crusted. Soil erodibility
based on wind-tunnel tests was therefore five-sixths [ for fine sands
and loamy fine sands, about one-half 7 for fine sandy loams, and about
one-gixth [ for silt loams and silty clay loams, other conditions re-
maining the same. In other tests where many of the sandy fields
were not influenced by erosion and which therefore had a considerably
developed surface crust (22), the erodibility index was one-half J
for sandy soils and one-sixth I for the finer textured soils.

Estimating Potential Erodibility

It is important to consider the magnitude of erosion that is likely
to oceur on soils of different textures and cloddiness if weather condi-
tions become such as to make erosion possible. Erosion by wind has
accurred in substantial parts of the southern Great Plains, 1952-56,
inclusive. Under conditions of considerable erosion the fine sands
and loamy fine sands had the surface erust and swrface clods mainly
destroyed and the quantities of erosion were of the order of 1 if crop
residue and surface roughness remained the same. On silt loams and
silty elay loams the surface crust and surface clods mainly were
preserved, and the relative amounts of crosion were more on the
level of one-sixth I.  Other soils had the relative amounts of erosion
somewhere between these twao extremes.

The soil textural class serves as an index of resistance of clods and
surface crust to disintegration by ecrosional abrasion, which is &
contributing factor influencing the amount of natural erosion if and
when it occurs. 'The potential erodibility can be determined from
the generalized alinement chart of a previous publication (22), if the
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erodibility obtained from that chart is multiplied by a factor depending
on soil textural class as follows:

Soil textural class: Factor
Fime sand_ o __ 6
Fineloamysand______________________________________.____ 4
Fine sandy loam and clay {except saline elay)___.______________ 2
Loam, silt loam, clay loam, or silty elay loam_________________ i

The erodibility values are indexes of erodibility of the soil surfaces
and not the actual quantities erodible under field conditions.
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